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CHAPTER 1 


Electric and gravitational forces. 

a) What would a proton's mass be if the gravitational 
force between two protons at rest were to equal the 
electric force? How does this compare with its 
actual mass? 

b) What would be the electric force between two dimes 
(10¢) placed at opposite ends of a 10 meter lecture 
table if their nuclear and electronic charges were 
unbalanced by about 1%? Can you think of some 


object whose "weight" equals that force? 


Make a rough estimate of the work that must be done against 
electric forces to assemble a uranium nucleus from two 
equal halves. What about assembling two deuterons to make 
a helium nucleus? Also express both answers in kilowatt 
hours per pound, 


' electron for each 


In copper there is one "conduction' 
copper atom. When a current of 10 amperes flows through a 
piece of No. 10 gauge copper wire, what is the average 

speed of the conduction electrons? How big is vera 
(Remember that the ratio of "magnetic" effects to "electric" 


effects is about this small.) 


In a certain region of space, there is a uniform electric 
field E of 10,000 volts per centimeter in the +x direction. 
There is in the same region a uniform magnetic field B 

in the +y direction. A beam of mu-mesons with the velocity 
c/3 travels through this region on a straight line in the 


+z direction. 
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a) What is the strength of the field B? (A mu-meson 
has a mass 210 times the electron mass and a charge 
equal in magnitude to the electronic charge.) 

b) Can you tell from this experiment if the charge on 


the mesons is + or - ? 


B 


In the region of space of interest here there is a uniform 
magnetic field, such that BL = 0. B = 0, and B = Bo: The 
field is constant in time, and there are no currents or 


electric fields in the region of space we consider. 


A particle of mass m and positive charge q is started at 
x= 0, y = 0, z = 0 with a velocity v in the +x direction, 
Sketch and describe quantitatively in terms of Bo. m, V, 


and q the path of the particle. (Assume «x 1) 


Suppose, that Bo = 0, Bi = 0, but B, = BS + ax. For (ax) 
always small compared to Bo» but not completely negligible, 
show on a sketch the qualitative behavior of the particle 
trajectory. (See Charpak, et al, Physical Review Letters, 
Vol. 6, 128 (1961) for the use of a similar field in an 
important experiment.) Show that the field just postulated 
is inconsistent with one of Maxwell's equations if the field 
fills a finite volume of space and, as above, you assume 


there are no currents or electric fields in the volume. 


1-6. 
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A particle with a mass m and a positive charge q is at a 
point x = z = 0, y = a, and is moving with a low velocity 
roa 
The charge is influenced by a negative charge -Q fixed at the 
origin and by a uniform magnetic field B in the +z direction. 
How large must Bo be such that the moving particle describes a 
circle of radius a about the stationary one? If the magnitude 
of the magnetic field strength were different than this, 
explain why the speed of the particle is a function of the 


radial distance only. 


Sketch qualitatively several cycles of the trajectory followed 
by the particle if it were released from the point x = z = 0, 


y = a with zero velocity. 
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CHAPTER 2 


A copper wire of radius a has a concentric insulating sheath 
with outer radius b. The wire carries an electric current 


that raises its temperature to T, while the outside of the 


l 
insulation remains at T, near room temperature, 
> 
a) What is VI inside the insulation? Give answer 
in terms of a, b, T and T,. 


b) How big is the temperature difference (T - T,) 
if a current of 20 amps is sent through No. 10 gauge 
copper wire which is covered with a layer of rubber 
0.2 cm thick whose thermal conductivity is 


1.6 Xx 107? watt/em°C? 


Show by direct computation that 
a) Ý. Wx A) =0 
> > > > => > > 
b Ux @xA=0@H-.4-SFR 


-> 
If R is the vector from the origin to the point x, y, z show 
that 
-> 
a) div R= 3 
-> 
b) curl R= 0 
> >, 3 
c) WV. (R/R) =0 
d) vx (B/R?) = 0 (Except at R = 0) 
> > 
e) 9 (L/R) = -R/R 
f) From b) and Eq. (2.46) we know that R can be written 
as R = UD. What is 0? 


Maxwell's equations are 


1 V+ Bn ols, 

2) VXeE = -oB/dt 

3) V-B=0 

4) c? Vx B= B/d + j/e, 


The conservation of charge can be written 


5) 


a) 


b) 


c) 


d) 


e) 


E loe 


Show that 3) is consistent with the divergence 

of 2). 

Show that 5) follows from taking the divergence of 

4) (i.e., the validity of Maxwell's equations requires 
that charge is conserved). 

Show that in empty space G = 0, p= 0), E satisfies 


the wave equation 


(Hint: take the curl of 2)). 


Show that in empty space, B satisfies the same equation 


2> 


l1 ðB _ 
2-4 UB. 
c 
-> 
Show that 2) implies that E can be written as 


Peca 


> > 


> > -> “J 
where A is defined through B = VX A. Why can B 


be written in this way? 


2-5. The velocity of a solid object rotating about an axis is a 


5 
field v(x, y, z). Show that 


a) 


V.ve=o0 
fxv 


> > . 
= 20 where W = angular velocity. 
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> 
Prove by direct computation that if A is a constant vector and 


» 
R is the radius vector, then 


> > > 
curl (A X R) = 2A 


For vectors we know that 


[ox] 
x 
> 
x 
Q 
~ 

Ml 
Bl 
wg 
Q 
© 

1 
~ 
w 
Zl 
aL 


which might lead us to say that 


> > >> > > 


> >> > 
VX (AX R) =A. R) - W- ADR = 3A (False) 


> > 
Why does the substitution of V for A give an incorrect result? 


A long steel shaft is subjected to a fancy heat treatment. 

At a particular time t, while it is cooling, the temperature 
distribution T(x) is as shown in Fig. l. Isotherms for every 
10°C interval are shown in Fig. 2. We assume throughout that 
the temperature depends only on x, the distance from one end 
of the bar. At the points A, B, and C draw arrows whose 
direction and magnitude are representative of the direction and 
magnitude of vt. At which of the five labeled points is the 
divergence of the heat flow h largest? At how many of the five 


=> > 
labeled points is Y X h = 0? 
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Fig. l1: Temperature (°c) vs. distance (m) 
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Fig. 2: Isotherms 
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CHAPTER 3 


a) Maxwell's equations have been given in the form 
of a statement in Chapter 1 and in their differential 
form in Chapter 2. Show that the two forms are 
equivalent. 

b) Show that the equation 


v.j--% 


is equivalent to a statement of the conservation of 
charge. In this equation p is the charge/unit volume 


an 
and j is the electric current density. 


A layer of radioactive material is deposited on the surface of a 
sphere. The material emits Œ particles of high energy. Suppose 
that the particles are emitted only radially outward from the 
surface of the sphere. It would appear that this flow of 
charged particles constitutes a current. Is a magnetic field 


produced by this current? 


The field of a point charge located at the origin is of the 


form 


2 1/2 > 


> K > 2 2 rá > = 
E = 3, where r = (x + y +27) » r = ix + jy + kz, 
f 
and K is a constant. 
a) Calculate the flux of E through the spherical surface 
of radius a with origin at the center. 
b) Use Gauss's theorem to connect the flux of È through 
the spherical surface with the integral of y 7 E 


over the volume. Can you explain your result? 


3-2 


as 
c) Calculate the line integral of the vector E around 


the path, in the x-y plane which is shown: 


Use Stokes's theorem to verify the result. 


3-4. Using the results of problem 3a, Chapter 2, find a (useless) 
formula for the volume of a region in terms of an integral 
over its surface. Check your result for a sphere and a 


rectangular block. 


CHAPTER 4 


4-1, With reference to the figure below, find the potential © 
at the point P a distance r from a line of charge CA + Ly) 


meters long which contains a charge density of > coulombs/meter. 


Compare your answer with the expected potential if 
r> (2, + £3). Check your answer in the limit r << CA + Ly) 
by comparing the field derived from © with the field derived 


e t 
using Gauss s law. 


4-2. Calculate the electric field at the point P, a distance r 
from the center and on the axis of a thin uniformly charged 


disk of radius R. 


See > 


4-3. A charge q' is placed on the inner of the two concentric metal 
spheres shown in the figure below; a charge q is placed on the 
outer sphere. 

a) Sketch the radial component of the electric field as 
a function of the radial distance. 
b) Sketch the potential relative to infinity as a 


function of the radial distance. 


c) 


d) 


4-2 


What is the potential at the surface of the inner 
sphere? 
If the center sphere is moved off the center of the 


outer sphere, explain what happens to the field for 


r >To and for roo r>t,. 


5-4. 


CHAPTER 5 


Show that the electric potential @ has the following 
interesting property: the average value of over an 
imaginary spherical surface is the same as the value of 

p at the center of the sphere if there are no charges 

inside the sphere. Can you think of an application in which 


this property is useful? 


Find the electric field inside but far from the ends of an 
extremely long cylinder which has a uniform charge density 
throughout. Note the difference between this result and 


the field inside a uniformly charged sphere. 


Two large, flat metal plates are held parallel to each other 
and separated by a distance d. They are connected together 
at their edge by a metal strip. A thin plastic sheet 
carrying a surface charge o per unit area is placed between 


the plates at a distance x from the upper plate 


See ee ee ) |- 
At 


metal strip 


> > 
Call El and E, the electric field near the upper and lower 


> > 
plates, respectively. What are E1 and E,? 
Find the general formula for the x component of the electric 


field if the charge density p varies only with x throughout all 


space, 


5-5. 


In a certain electronic tube, electrons are emitted from a 
hot plane metal surface, and collected by a plane metal plate 
parallel to the emitter, at the distance d away. (The distance 
d is small compared with the lateral dimensions of the plates.) 
The electric potential between the plates is given by ¢ = kxt/3 
where x is the distance from the emitter. 

a) What is the surface charge density o on the emitter? 


On the collector? 
b) What is the volume charge density p(x) for 0 < x < d? 


adea 
| | 


electron flow 
— 
E A 
——> 
> 
—_—> 
emitter vers T 


te ay 


lees 


Consider a conductor which has a charge distribution o 
EE N ae on its surface; o need not be a constant. Show 
that the force on the charge in a little element of area dA 
is normal to the surface and is given by (0° /2¢,)aA. (The 


factor of 1/2 is correct. Explain.) 


The maximum field strengths that can exist at the surface of a 
conductor in a vacuum before field emission takes place is about 
10° volts/meter. If the surface charge producing such a field 
is negative, compare the number of excess electrons per unit 
area to the number of atoms per unit area. Compare the force 

on an electron in this field to the force acting on an electron 


a typical atomic distance from a proton. 


5-8. 


5-9, 


5-10. 


5-3 


The negative muon (p-meson) is a particle that has the same 
electrical charge as the electron but a mass 207 times 

larger. When a negative muon is stopped in matter. it is 
attracted by a nucleus and may replace one of the atomic 
electrons and form a "mesic" atom. Because of its larger 
mass, the muon will approach closer to the nucleus than 

the electron and, for heavy nuclei, will even be inside the 
nucleus in the lowest energy state. The muon does not interact 
with nuclear matter through nuclear forces, but only through 
electrical forces and sees the nucleus as a sphere of uniform 
charge. From other experiments in nuclear physics it is found 
that the radius of nuclei can be given by R = Ra where Ro 
is approximately 1.2 x wS meters and A is the number of 


protons plus neutrons. 


Consider a model of the mesic atom where the muon oscillates 
back and forth along a line through the center of a lead nucleus. 
What is the natural frequency © of these oscillations? Recall 
from Chapter I-41 that the quantum energy states of a harmonic 
oscillator are separated by an energy difference tf. What is 
the energy difference between the two lowest states of your 
model of the mesic atom? It is observed experimentally that 
when the mesic atoms are formed in lead 6 mev x-rays are 


emitted. How would you interpret this radiation? 


Imagine that the earth were of uniform density and that a tunnel 
was drilled along a diameter. If an object were dropped into 
the tunnel show that it would oscillate with a period equal to 


the period of a satellite orbiting the earth just at the surface. 


It is known that the earth gives off about 8 X 107° joules per 
year in heat energy. Before studying thermal models in detail 
in order to explain this, it is useful to consider some models 


which are cleariy over-simplifications but which do give order 
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of magnitude estimates. As an example, consider the 
possibility that the heat is all produced by radioactive 
materials uniformly distributed in the earth which decay 
giving off particles whose kinetic energy is converted 


into heat. 


It is estimated that the temperature at the center of the 
earth is roughly 2500°C and that the thermal conductivity 
of typical materials is about 0.03 joules/cm sec°C, Is the 


model described above consistent with these estimates? 


Two long concentric conducting cylinders are insulated from 
each other and charged. Far from the ends, the inner cylinder 
has a net charge density of +h,» and the outer one a net 
charge density of +h, coulombs per unit length. The inner 


cylinder has inner and outer radii r, and Los while the outer 


1 
has radii r3 and Ty): Find E(x) at a point near the middle 
(i.e., where end effects can be neglected) and just outside 
the outside cylinder. Find the potential difference between 


the two cylinders. 


Describe qualitatively any changes in the fields and potentials 
if; 
i. rı is decreased 


ii. r3 is increased 


iii. the outside cross-section of the inner 
cylinder is made square with sides 


ar, (assuming V2 r < r3). 


6-2. 


CHAPTER 6 


Use the method of images to find the force on a charge Q 
located distances a and b from two semi-infinite conducting 


planes at right angles to each other. 


A particle with electric charge g is released (from rest) at 
the distance Xo from the surface of a large, grounded, conducting 
plate. The particle is attracted by the plate, and moves 
toward it. 

a) What is the kinetic energy of the particle as a 
function of its distance x from the plate? (Neglect 
any energy loss by radiation.) Do you see anything 
unphysical about your answer? 

b) A real metal plate can be thought of as an ideal 
conducting plane only for distances down to the 
atomic spacing, that is, to about 1 A. Estimate 
the kinetic energy with which an electron would 
arrive at a conducting plate, if released at rest 1 cm 


from the plate. Give your answer in electron-volts. 


A rectangular box of insulating plastic 1 cm by 10 cm by 100 cm 
is filled with a uniform charge density p coulombs per eae 
Consider a straight line that is perpendicular to the 10 cm by 
100 cm face and passes through the center of the box. Sketch 
roughly a graph of the potential © along this line as a 


function of the distance from the center. Consider the range 


6-4. 


6-5. 


6-6, 


of distances from 0.001 cm (i.e., inside the box) to distances 
much larger than 100 cm; a log (ọọ) vs log (distance) plot is 
appropriate. On the same graph sketch a curve that gives 


the magnitude of the electric field F, 


The earth is continually bombarded by high energy cosmic 

rays that come from outside the solar system. It has been 
determined by high altitude measurements from balloons and 
satellites that the cosmic rays are made up almost completely 
of protons, although there are also a few percent alpha- 
particles, heavier nuclei, and electrons. The mean energy of 
the bombarding protons is a few billion electron volts; the 
intensity of the protons arriving at the earth's atmosphere 


: 2 
is about one proton per cm per sec., 


One might wonder how long it would take for the charge arriving 
at the earth in cosmic rays to raise the earth's potential to 
the point that the protons could no longer reach the earth. 

How does the time required to accomplish this compare to the 
approximate 5 billion year age of the earth? If the time is 
shorter than the earth's age, one is faced with the question: 


"Why are cosmic rays still coming?" 


Find the capacitance per unit length of a long cylindrical 
capacitor made up of a conducting cylinder of radius a 
inside and co-axial with a cylinder of radius b. 
Qualitatively, what would happen if there were imperfections 
in the construction which, in effect, inserted a sharp 


protrusion from the outer wall? 


a) What is the surface charge density induced on an 


uncharged, insulated, conducting sphere located a 


6-3 


distance b from a point charge +q? 


b) If the sphere is raised to a potential V. what 
is the force between the charge and the sphere? 
6-7. In Chapter 6 it is demonstrated qualitatively that it is 


possible to find the field outside a sphere with a surface 


charge density varying as cos O superposing the fields of 


two slightly offset oppositely charged spheres. Carry out 


the process quantitatively and find the field both outside 


and inside a sphere with a surface charge density 


o(@) = A cos © where A is a constant and ¢ is the polar angle. 


6-8. The field of a dipole is given in Eqs. 6.14 and 6.15. 

a) Find the radial and tangential components of the 
field at a point (r, 6, 9). 

b) Show that the electric field of a dipole points in 
the same direction at all points on any given 
straight line which passes through the dipole. 

c) At any given distance from the dipole, what is the 
direction and relative strength of E for points 
lying at angles of 0, x/4, and x/2 from the direction 
of p? 

6-9. Consider a dipole placed in an electric field which, before the 


-> 
dipole was inserted, was uniform and of strength Eo: 


a) 


If the dipole moment points in the direction of the 
external field there will be an equipotential surface 
which encloses the dipole. Show that this surface 

is a sphere, and find the strength of the dipole 


moment for which the sphere will have radius a. 


6-10. 
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b) Sketch the electric field outside the sphere. 

c) If a thin conducting shell at the same potential 
were made coincident with the equipotential surface, 
how would the fields be changed? 

d) What would be the charge density on the sphere? 

e) What would be the dipole moment of this charge 
density? 


f) How would you utilize the results of the above? 


A particle with an electric dipole moment P is placed at the 
distance r from a long wire which has a charge ^ per unit 
length (à is a constant). The dipole moment lies in the 
plane defined by the wire and the particle. 
a) What is the force and torque on the particle if P 
is normal to the wire? 
b) What is the force and torque if p is parallel to 


the wire? 
Z $ P 


r 


Find the potential as a function of distance away from a 
very large sheet of dipoles. Assume that there are 4 dipoles 
per unit area and that each dipole has dipole moment P and is 


pointing normal to the surface. 


An electric charge +q is distributed uniformly on a thin ring 
of radius a. The ring is placed in the y-z plane with its 


center at the origin. A charge -q is placed at the origin. 


a) Find the potential at the point P on the 
x-axis, at a distance x from the origin. 

b) What is the electric field at this point? 

c) How does the electric field vary with x for 
for x >> a? How does the decrease at large 
distances compare with the field of a dipole? 


Can you explain? 


A parallel plate capacitor with a capacitance of 100 ppf 
and a separation of 1 cm is charged with a battery to a 
potential difference of 10 volts. The battery is then 
disconnected from the capacitor. Blue light is shined on 
the bottom plate, which causes electrons with kinetic 
energies ranging from 0 to 1.5 ev to be emitted. The 
battery voltage is such that the electrons are attracted to 
the upper plate. The total current which goes to the upper 
plate is shown in the figure as a function of time. How 
long will it take for the potential difference between the 


plates to become zero (time t, in the figure)? What is the 


1 


potential difference for time very much larger than ty? 
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If the plate separation was doubled before the capacitor 
was charged, how would your answer change? If the plate 
separation were doubled after the capacitor was fully 

charged and after the battery was removed, how would your 


answer change? 


Current 
(amp) 
107! 
0 Time 
ti t3 (sec) 


An insulating rod 1 meter long and 1 centimeter in radius has 
its axis along the x-axis and its ends at x = - 0.5 meter and 
x = + 0.5 meter. It has a total volume charge density given 
by p = ar’, where r is the distance to the axis of the rod 
and a is a positive constant, 2 coulombs/m. 

a) Find the electric field E at the four points x = 0; 
z=0; y = 0, 0.5, 1.0, and 2.0 cm. In this part 
assume the rod is infinite in length. 

b) Make a good estimate of the potential at x = 0, y = 0, 
z= 0, relative to zero potential at infinity. Assign 
an uncertainty to your estimate and justify it. 

c) Will the potential at x = 0.5 meter, y = z = 0 be 
greater than, less than, or equal to the potential 


at the origin? 


a) 


b) 


c) 


CHAPTER 7 


Show that the equipotentials produced by two 
parallel line charges of opposite sign are 

circular cylinders. Assume a density of +A 

and -^ coulombs/meter on two lines separated by a 
distance d. 

From the above result find the capacitance per unit 
length of two parallel wires of radius r with their 
centers separated a distance d. Assume that d >> 2r. 
Show that if x, y >> d the potential can be obtained 


from the complex function 


1 


iv = are aed 
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CHAPTER 8 


Do you agree with the statement made in Chapter 8 that 

a nucleus which contains Z protons distributed more or 

less uniformly through the volume of a sphere of radius 
r has an electrostatic energy of about the value given 

by 


2 


U= z (z - 1) S .? 


Wes 


A radio tuning capacitor has a maximum capacity of 100 pf 
(l pf = 10°}? f). By rotation of the moving plates, the 
capacity can be reduced to 10 pf. Assume the capacitor 
is charged to a potential difference of 300 volts at maxi- 
mum capacity. The tuning knob is then rotated to minimum 
capacity. What are the initial and final values of the 
potential difference? How much mechanical work is done in 


rotating the knob? 


Two capacitors with capacitance C4 and C, are initially charged 
with charges qy and qz- Show that except in special cases the 
stored electrostatic energy decreases when the two capacitors 
are joined together in parallel. Where does the lost energy 
appear? Find the conditions under which they can be joined 


without loss of energy. 


Show that when a dipole of dipole moment P is placed in an 


> 
electric field E, the electrostatic energy is given by: 


P.E 


Calculate the torque exerted on the dipole by the field F. 


8-5. 


8-6. 


8-7. 


Do the calculation directly as well as by using the above energy 
relation. Is the energy the same if the dipole were formed 

from two charges placed sequentially in the field? If not, 
calculate the difference; if so, justify your reasoning 


physically. 


Show that the plates of a parallel-plate capacitor attract each 
2 
al 
2e Ê E 


other with a force given by F = Consider the work 


necessary to increase the plate separation from x to (x + dx). 


The pi meson (or pion) is a particle which is found in all 
three charged states: i.e., there are positive, negative and 
neutral pi mesons. The mass (times aty of charged pions is 
139.6 Mev while the mass of neutral pi mesons is 135.0 Mev. 
In one model of the pion, the mass difference is assumed to 
be caused only by the electrostatic energy. If one further 
assumes that pions are represented as spheres and that the 
charge of charged pions is uniformly distributed throughout 
this sphere, it is possible to calculate the "radius" of 
the pion. Under these assumptions calculate the radius of 
the pion. Is your result compatible with other estimates 


of nuclear dimensions? 


A metal spherical shell of inner radius a and outer radius b 
is located with its center at the origin. There is a small 
hole cut at one point of the shell. If there is no net charge 
on the shell, how much work is required to bring a charge qı 
from infinity, through the hole, and to the origin. How much 


is required if the shell is given a total charge qo? 


CHAPTER 10 


10-1. A parallel-plate capacitor is filled as shown below with 


two dielectrics of equal size but unequal k. 


area A 


ce A 
Show that the capacitance is given by C = a 


10-2, A parallel plate capacitor has square plates 20 cm ona 
side and a plate separation of 1 cm. It is charged to a 
potential difference of 10 volts and then disconnected 
from the battery. A large square sheet of diclectric 
slightly less than 1 cm thick is inserted between the 
plates so that a 10 by 20 cm area of the capacitor is 


filled with dielectric. The dielectric constant is 4.0. 


a) What is the attractive force between the plates? 

b) What is the dipole moment per unit volume in the 
dielectric at positions well inside the plates (so 
that edge effects can be neglected)? 

c) Suppose the dielectric sheet consisted of material 
of dielectric constant 4.0 which had embedded in it 
a uniform distribution of small metal spheres. 

Would the potential difference between the plates be 
greater than, less than, or equal to, that for the 


original homogeneous dielectric? 


10-2 


10-3. A parallel-plate capacitor of separation d has a capacitance 
ie in air. An insulating slab of dielectric constant Kk, 
thickness t < d, and area equal to that of the plates is 
inserted into the capacitor, the slab faces being parallel 
to those of the capacitor, Neglecting end effects, prove 


that the capacitance is now 


Bieta en Oa 
1 - [<k - 1)/k] (t/a) i 
10-4. An isolated metal sphere of radius a has a free charge Q on 


its surface. The sphere is covered with a dielectric layer 
with inner radius a and outer radius b. 
a) Calculate the polarization surface charge on the inside 
and outside of the dielectric. 
b) What is the volume density of polarization charge 


inside the dielectric? 


10-5. A parallel-plate capacitor is connected to a battery which 
maintains a potential difference Vo between its plates. A 
slab of dielectric constant Kk is inserted between the plates, 
completely filling the space between them. 

a) Show that the battery does an amount of work 
do V (E - 1) during the insertion process, if do 
is the charge on the capacitor plates before the 
slab is inserted. 

b) How much work is done by mechanical forces on the 
slab when it is inserted between the plates? Is 
this work done on, or by, the agent inserting the 


slab? 


10-6. Two coaxial pipes of radii a and b (a < b) are lowered vertically 


10-3 


into an oil bath. If a voltage V is applied between the 


pipes, show that the oil rises a height 


2 
V k - 1) e 


H = -a 
gn (2) p (b2 - a jE 


where k is the dielectric constant of the oil. 


Show that, when a line of force cuts through a surface 
separating two dielectrics of dielectric constants 

Ky and Kos it makes angles ei and 83 with the normal 
to the surface in the two media, given by the relation 


Ky cot 0 = Ko cot Co: 


11-1. 


11-3. 


CHAPTER 11 


Consider a sphere of dielectric material with radius a 
which is uniformly polarized (see Fig. 11-7). Find the 


electric field inside and outside this sphere. 


The dielectric constant of helium at 0°C and 1 atm pressure 
is 1.000074. Find the dipole moment induced in each helium 
atom when the gas is in an electric field of intensity 


102 volts/m. 


Water vapor is a polar gas whose dielectric constant exhibits 
an appreciable temperature dependence. The following table 
gives experimental data on this effect. Assuming that water 
vapor obeys the ideal gas law, calculate the molecular 
polarizability as a function of inverse temperature and plot 
it. From the slope of the curve, deduce a value for the 


permanent dipole moment of the H,0 molecule, 


T(°K) Pressure (cm Hg) (k - 1) x 10° 


393 56.49 400.2 
423 60.93 371.7 
453 65.34 348.8 
483 69.75 328.7 


Consider a system consisting of 2 atoms separated by a fixed 
distance a, each atom having polarizability Q. Find the 
relation between a and Q for such a system to be ferroelectric. 
(Answer: a = Q/2n). If you find this too easy, consider a 
line of oxygen atoms, regularly spaced with a distance a 


between each atom. Suppose also that there is a titanium 


atom half-way in between successive oxygen atoms. 


Ti 0 Ti 0 Ti 
viz: © O @® O Ọ 
L a = 


Let the polarizability of oxygen be Xa titanium On Find 


the conditions on Œ and Or such that the system is a 
o 


ferroelectric. 
wo 
1 
Note: > 3s 1.20 , 
n=1 ™ 
foe] 
y 1 -39 5 
3 = 
(2n) $ a 
n=} 
11-5. A "dielectric" material consists of a number of brass spheres 


of diameter d, spaced 3d apart, in a regular lattice. Assuming 
that each sphere is influenced only by the imposed external 
electric field (i.e., neglecting the effect of neighboring 
spheres or the redistribution of induced charges), find the 


dielectric constant k for this material. 


12-1. 


12-2. 


CHAPTER 12 


A ring of radius a is made of copper wire whose diameter b 

is much less than a. The ring is imbedded in the center of 

a plastic sphere whose radius is very large compared with 

the radius a of the ring. An alternating magnetic field 
induces a current in the ring. The current heats the wire, 
generating thermal energy at the rate W (joules per second). 
The temperature at the outside surface of the large sphere is 
Ta’ In the steady state, what is the temperature at the 


center of the ring? 


In the problem set for Chapter 5, one simple thermal model 

of the earth was considered. Another (again over-simplificd) 
model is that inside the earth there is a core of extremely 

high conductivity and of radius a. Find how large this core 
must be if its temperature is 2500°C, if the thermal conductivity 
of the surrounding earth is 0.03 joules/cm-sec-°C, and if 

8 x 102° joules of heat energy are given off by the earth cach 


year. 


a) For certain geometries and physical conditions, it is 
useful to write the potential in the form 
o = f(r) cos 6 = f(r) = where x? = r + ye + e 
(This form was uscd. for example, in Chapter 12 to 
solve the problem of the flow of "dry water" around 


a sphere.) If f(r) is expanded in a power series 


f(r) = J b r” 


only two of the coefficients ba can be non-zero 
if ọ is to satisfy Laplace's equation. Find these 


two. 


12-2 


b) For the analogous two dimensional problems, the 
potential may be written in the form 
Cc 
z n 
p = glp) cos 6 = g(p) 3 g(p) = J cp s 


n = -=œ 


where a = a + a Find which values of cp can be 
non-zero if @ is to satisfy Lapace's equation. 


Use cartesian coordinates to do your calculations. 


Two thin water pipes are separated by a distance d and go normal 
to and through a large wall of thickness t. The thermal 
conductivity of the wall is K while the temperature far from 


the pipes is To: Y 


Hot water which gives off + W watts to the wall flows in the 

pipe at x = + d/2 while cold water which absorbs W watts from the 
wall flows in the other pipe. Consider this as a two dimensional 
problem and neglect the finite size of the pipes. Find the 
temperature at a point P located at x = 100 d, y = 100 d. Let 

T = 20°C, d = 50 cm, k = .03 watts/em°C, W = 200 watts and 

the wall thickness be 10 cm. Make suitable approximations in 


evaluating your answer. 


CHAPTER 13 


13-1. Four long No. 10 copper wires are parallel to each other, 
their cross section forming a square 20 cm on edge. A 
20 amp current is set up in each wire in the direction shown 
in the figure below. What are the magnitude and direction 
of B at the center of the square? What is the magnitude and 


direction of force per meter acting on the lower left wire? 


N 
E I a = 20 cm 
AA I = 20 amp 
N 
| — I 
ee ao 
13-2. A long, solid dielectric cylinder of radius a is permanently 


polarized so that the polarization is everywhere radially 
outward, with a magnitude proportional to the distance from the 
axis of the cylinder, i.e., P=P x/2. The cylinder is rotated 
with constant angular velocity w about its axis, What is the 
magnetic field on the axis of the cylinder, at points not too 


close to the ends? 


13-2 


13-3, A long coaxial cable consists of two concentric conductors 
with the dimensions shown in the figure below. There are 
equal and opposite currents I in che conductors. It may be 
assumed that the currents are uniformly distributed in the 
conductors. 


a) Find the magnetic field B at x within the conductor 


(r < a). 
b) Find B between the two conductors (a < r < b). 
c) Find B within the outer conductor (b<xr<c). 
d) Find B outside the cable (x > cœ). 


13-4, A long wire carries the current L> while a rectangular loop 
of wire whose length and width are £ and w respectively carries 
the current IL. The wire lies in the plane of the loop. 
a) What is the force on the loop? What is the force on the 


long wire? 


b) What is the torque on the loop? What is the torque 


on the wire? 


w 
a 
I, 


13-5. The scan of a TV picture tube is generated by deflecting the 
electron beam with a magnetic field which comes from a set of 
deflecting coils that are attached around part of the neck 
of the picture tube. The electrons are typically emitted from 
the gun (before deflection) with an energy of three kev; they 


are further accelerated after deflection. 


Estimate the magnetic field at the electron beam at the time 
of maximum deflection. Also estimate the number of ampere- 
turns in the coil at the same time. You may neglect the post 
deflection acceleration in making your estimate. In what 


direction would your answer change if you were to include it? 


13-6. A very long conducting rod of radius a has an off-center hole 
of radius b whose axis is parallel to but off-set by a distance 


d from the axis of the rod. 


13-4 


A uniform current density +j flows in the conductor. What 
is the magnetic field B at the axis of the hole, far from 


the ends? 


CHAPTER 14 


14-1. In a plastic film factory, a wide belt of thin plastic material 
is travelling between two successive rollers with the speed v. 
In the manufacturing process, the film has accumulated a 
uniform surface electric charge (o). 
a) What is the vector potential near the surface of the 
belt in the middle of a large flat span? (Near 
point P of the figure.) 


= 
b) What is B in the same region? 


14-2. A wire of the shape shown in the figure carries a current I. 
What is the magnetic field at the center of the semicircle 
arising from 

a) each straight segment of length £? 
b) the semicircular segment of length mr? 


c) the entire wire? 


<<. 


14-2 


In practical magnetic structures, uniform magnetic fields are 


frequently necessary. The uniformity of the field produced by 


Helmholtz coils, or two co-axial loops which carry currents 


in the same direction, is one of their most important 


characteristics. Assume that the coils have a radius a, have 


axes on the x-axis, carry a current I each, and are separated 


by a distance b. 


a) 


b) 


c) 


d) 


Find the magnetic field at a point P on the axis of 
the loops and a distance x from the mid-point 0. 
Expand the expression for the field in a power series 
retaining terms to order TA 

What relationship must exist between a and b such 

that the a terms vanish? What is the significance of 
this? 

Show that the field created by the coils to this order 


and under the condition established in c) is given by 


14-4. 


14-6, 


A square loop of wire of edge a carries a current I. 
a) Using the Biot-Savart law show that the magnetic 
field B for a point on the axis of the loop 


and a distance x from its center is given by: 


B = kai 
p 1/2 2 


aas + aj Ge + 2a’) e€ 


b) Find the same result using the vector potential. 
Hint: Leave the vector potential in its integral 


form and use: 


o 


f£ (x,y)dy = J 2 f (x,y)dy 


KAGA 
Dao 


w 


Lim f £ (x,y)dy = J < Lim f e dy 
XC xc 


Use the vector potential to calculate the magnetic field at any 
point on the axis of a circular loop of radius a which carries 


a current I. 

Consider a conducting sphere of radius a which is raised to a 
potential V. If the sphere is rotated about one axis with 
an angular velocity ©, show that the magnetic field outside 
corresponds to that of a dipole field with a moment 


B= cov Ë xa”) 


Show also that the field inside is given by 


14-7, 
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These results are exact everywhere inside and outside. 
If you cannot show this, derive the first result for 
distances much larger than a, and the second result at the 


center. 


It has been pointed out that the rotation of the earth 


could possibly be measured by measuring the potential 


difference between the center and edge of a charged conducting 


cylinder placed at the North Pole with its axis pointing 


to the center of the earth. 


Show that the potential difference can be written in the 


form 


` 
Aste, 


v.2 
v= Q 


where v is the velocity of a point at the outside edge of 
the cylinder and A is the surface charge per unit length. 
See if you can visualize reasonable parameters of the 


equipment necessary to measure this effect. 


CHAPTER 15 


15-1. A superconducting metal has the property that inside the 


> 
superconductor, both B and E are zero. 


a) 


b) 


c) 


d) 


For the È field we found that the boundary condition 
at the surface of the superconductor is that È 

must be normal to the surface, or in other words, 
that the tangential component must be zero. What 

is the analogous boundary condition for the magnetic 
field? 

A small current loop with its magnetic moment v1 
oriented at an angle @ from the normal, is located 

a distance d from an infinite, superconducting sheet. 
Outline in a few sentences a method for finding the 
magnetic field everywhere, assuming that you already 
know what the field of a magnetic dipole is. 


Find the torque on the dipole as a function of angle. 


Deduce the equilibrium angles, Which are stable, which 


unstable? 


Find the force, as a function of angle, towards or away 


from the superconductor. 


LL FPL ALLEL LL 
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CHAPTER 17 


The figure below shows a uniform magnetic field B confined 


ES 
to a cylindrical volume of radius r. The field B is 
decreasing in magnitude at a constant rate of 100 gauss/sec. 
What is the instantaneous acceleration (direction and 


magnitude) experienced by an electron placed at P_, at P,, 


1 2 
and at P,? Assume a is 5.0 cm. 


3 


A stiff wire bent into a semicircle of radius r is rotated 
with a frequency f in a uniform magnetic field as shown 

in the figure. What are the amplitude and frequency of the 
induced voltage and of the induced current if the internal 
resistance of the meter M is Ry and the remainder of the 
circuit has negligible resistance? It must be assumed that 
the field produced by the current is small compared to the 


> 
field B. This requires the assumption that the current 


is small or it will modify B. 


® 9| ® Q 


® 
Q 
@ 
@ 


A small circular loop (1) of radius a carries the steady current 
I. Another loop (2), also of radius a, is placed on the axis 
through the center of loop (1) and at the distance R, with 

R >> a. The planes of the two loops are parallel. Loop (2) 

is now rotated at the angular velocity 4 about one of its 
diameters. If the circuit of loop (2) is open so that no current 


flows in it, what is the emf generated? 


w 


(1) (2) 


17-4. 


17-5. 
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A metal wire of mass m slides without friction on two rails 
spaced a distance d apart, as in the figure. The track lies 
in a vertical uniform magnetic field B. 

a) A constant current I flows from generator G along 
one rail, across the wire, and back down the other 
rail. Find the velocity (speed and direction) of 
the wire as a function of time, assuming it to be 


at rest at t = 0. 


b) The generator is replaced by a battery with constant 
emf E€. The velocity of wire now approaches a constant 
final value. What is this terminal speed? How as 
a function of time, does the speed approach this value? 
c) What is the current in part b) when the terminal speed 
has been reached? One must assume that the field due to 


the current I is much smaller than the field Š. 


y (©) 


A circuit contains two coils of inductances X, and Kos 
respectively, connected in series. These coils have mutual 
inductance % . Find the resultant inductance of the circuit. 
If the wires to one coil are reversed how will the inductance 


change? 


17-6. A "coax" cable is made up of a wire which is surrounded by a 
coaxial conducting cylinder carrying the return current. The 
inner wire has radius a and the outer shell has radius b. 
a) Show that if the current in the inner wire is 
assumed to flow on the surface of the wire, the self- 


inductance per unit length of such a cable is 


z- i af) 


b) Calculate the self inductance if the current is 
uniformly distributed throughout the central wire. 
Compare your results to see the importance of your 


assumption concerning the current distribution. 


17-7. A toroidal coil of N turns has a square cross section, each 
side of the square being of length a, and has inner radius b. 


a) Show that the self inductance is 


e 
Wae Aa paces) 
b 

2mE,c 
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17-5 


b) Express in similar terms the mutual inductance of 
the system formed by the coil and a long, straight 
wire along the axis of symmetry of the toroidal 
coil. Assume the conductors closing the circuit of 
which the long straight wire is a part are situated 
far from the coil, so that their influence may be 
neglected. 

c) Find the ratio of the self-inductance of the coil 


to the mutual inductance of the system. 


Two plane current loops, each with area A and carrying current 


I, are placed a distance r apart as shown below: 


The normals to the current loops, n and n3» make angles Q 


1 l 
and @, with the line joining the loops. The vectors ny» n 


and a line joining the centers are coplanar. : 

a) Find the mutual inductance F of this system of current 
loops. Assume the radius of each loop is much smaller 
than the distance between loops. 

b) Using this expression for Ht find the magnitude and 
direction of the force between the two loops. 


c) How would the force be different if the current were 


reversed in one or both of the current loops? 


Consider a single loop coil of radius ri centered and coaxial 


with a solenoid coil of length £ made up of N loops of radius 


17-6 


Ly where r3 >> r4: If the single loop is called circuit 1 


; . : ` YL 
and the solenoid is called circuit 2, find both Lee and pre 


| Se 


17-10. As shown in the sketch, a wire moves with a velocity v while 
resting on two rails. There is a uniform B field perpendicular 


to the paper going into the paper. 


If v = 100 cm/sec, £ = 10 cm, B= 0.1 ine and R = 10 ohms, 
what is the current I through R? (Neglect the field caused 
by the current). If the field arising from the induced 
current were not neglected, discuss if your estimate of the 
induced current would be larger, smaller or remain the same? 
If the magnet which is producing B is moving with the same 


velocity v as the wire, does your answer change? 


Is the self-inductance of the circuit around which the induced 


current flows increasing, decreasing, or unchanging with time? 


17-11. 
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Consider two coaxial loops of radius a which are separated by 
2 

a distance d; d >> a. A current I = Ko t is sent through one 

coil (coil a) as shown and the resistance of the second coil 


(coil b) is R 


(a) (b) 


a) Neglecting self-inductance, what is the torque on 
loop b? 
b) Show that, if the self-inductance is neglected, the 
force on the loop b is: 
24 Pai aS RS Ee 


Gne e)? d R 


In what direction is the force? 

c) In what way (qualitatively) is the true force and 
torque different from your estimate; i.e., how does 
the self-inductance affect the torque and force? 

d) Explain what would happen to parts a) and b) if the 
loop b were rotated 90° about an axis normal to the 


common axis of the loops. 


CHAPTER 20 


20-1. It is sometimes convenient to consider complex solutions of 


differential equations. 


a) If we assume the fields vary sinusoidally in time and 
with the coordinate x (no y or z dependence), show 


that each component of, for example, 


+i¢ - 
È, 2 i@t - kx) 


an 
E = 


satisfies the wave equation. (Remember that the actual 


field is found by taking the real part of this expression.) 


as 
b) Convince yourself that the real part of E corresponds 
to a plane wave travelling along the x-axis. In what 


direction is it going? 


z 
c) Show that the operation V when applied to a function like 
that in part a) becomes: 
-> ð -> 
V= s=e (-ik 
x OX x (-ik) 
-> 
where e is a unit vector along the x-axis and i is 
-> 
isy -1 3 i.e., show that we can replace the V operation by 
a simple multiplication. What similar statement can you 


make about the time derivative? 


d) Using the results of c, write down (by inspection) how 
Maxwell's equations appear when applied to fields which 
vary sinusoidally with x and t. What relationship must 
exist between k and w? 


Z eti@t + kx) 


e) If the field has the form E = Ey how do your 


answers change? 


20-2. 
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A plane electromagnetic wave of frequency » is reflected from a 

mirror travelling with a velocity v in the same direction as the 
wave. Using Maxwell's equations calculate the frequency of the 

reflected wave as seen by a stationary observer. Compare this 


result with that obtained in Volume 1 using relativity per se. 


CHAPTER 21 


21-1. Carry out the details of deriving Eq. (21.25). 


21-2. Equation (21.1) gives an equation for calculating the electric 
field due to moving charges. Consider a dipole made up of 


a positive and negative charge oscillating about the origin along 


r £i : d 
the z-axis; i.e., the motion of the positive charge is Zz, = 5 cos wt 
: z d i 
and that of the negative charge is z_= - 7 cos wt. The dipole 


moment is then defined to be p = d cos wt cor Show that the equation 
mentioned above can be used to calculate the entire electric field of 


the dipole: 


2 
gE sin 6 |- > + 4D cos% (t - 5) - © sinw (t - J 
o 


Ba ate 2 2 
cr r cr 
E = =e cos @ a oe w (t - =) - ~ sino (t - 5 
r Ante. ne c ore c 


Assume the point P is at a distance r >> d from the dipole. 


Hints: 


+ 
d > a > 
— (e_ ) and —> (€_ ) are vectors nearly in the ©, direction 
dt r4 dt? r 8 


(See figure on next page) 


21-3. 


21-2 


From the symmetry of Maxwell's equations and the form of the 
electric and magnetic field of an oscillating electric dipote,” 
deduce the field of an oscillating magnetic dipole. The near field 
must resemble the field of a dipole formed by a small current loop 


3 c . : 
of radius a (a <D and current i = i, cos Wt) 


Answer: B 0 


anh ic di 
Bo = Œo electric dipole) 


c 
BL = LE electric dipole) 
r 2 r 
c 
Eo =- (Bo electric dipole) 
Eo = E. = 0 


and replace p by p where p = Kavi 


The electric fields of an electric dipole were given in problem 2; the 
corresponding magnetic field is found using Eq. (21.1) 


> > > 
cB = ez! x E 
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In problem 2, an oscillating dipole was made up of two moving 
charges. Another way of producing a dipole is as follows: 

the dipole is made up of two conducting balls joined by a wire of 
length d. An oscillating current in the wire is set up which 
establishes a net charge + q(t) at the ends, but leaves the wire 
neutral; q(t) can be represented as the real part of Qs aa 

At any field point P, a distance r >> d from the dipole, the integral 
for the retarded potential gives an exact expression for ©: (see 


figure below) 


Q3 jes - r,/c) cosu(t - at | 
p eee e a e SEEE 


Atte | ri ty 
: wd 
a) Assuming that me << 1 show that: 
Qi cos @ a 
oO ~ ee |} cos ot - r/c) - = sin w(t - r/c) 
o 


b) Further show that 


Q wd sin w(t - r/c) 


A ~- 5 


z 
4ne_c 

Eo 
c) Convince yourself that these potentials give the same electric 


and magnetic radiation fields (that part of the fields which 


F ; l 
is proportional to P as were found previously. 
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21-5. An antenna to be used at a frequency w = ans is made up of two 
colinear wires each one-quarter wave length long, and is driven 
at their junction by a sinusoidal voltage of the appropriate 
frequency. The resulting current distribution in the wires is to 


a high degree of approximation sinusoidal 
nenna 2nz, 
i= - i, sin @t) cos ( x ) 


To find the radiation from this antenna it can be regarded as a 
superposition of many dipoles, each located at a point z, of length 
Az with strength varying from dipole to dipole. 
a) Show that the proper dipole strength to use is 
l 211z 
Lp = z cos Sm cos wt Lz 
b) Show that at large distances ( r >> 5), the field of the 


entire antenna is 


Zis cos ( z cos 0) 


r 

Eo 7 Gne cr sin @ cos w(t - a 
= ke 

Bo c Eo 


c) Make a rough polar plot of Eo vs © for both this case 


and a single dipole and compare. 


211Z 
A 


—> 
e 


i=- i (siwt) cos 


I> 


SO (-2<2<%) 
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21-6. A particle with charge q moves in a circle of radius a with a 


uniform speed v. 


a) 


b) 


c) 


d) 


Find the scalar potential Ọ at the center of the circle 


when the particle is at the point P. 
Find the vector potential A at the center at the same time. 


By calculation of the potential in the neighborhood of 
the center use Eq. (18.19) and (18.16) to determine the 
electric and magnetic fields at the center. What is 

the direction of the electric field with respect to the 


radius vector to point P? 


Also calculate these fields using Eq. (21.1). 


Note this problem is relativistic. The velocity v is not necessarily 


small compared to c. 


22-1. 


22-2, 
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CHAPTER 22 


(Game) A network in the shape of a cubical frame has terminals 
at each vertex and 1 ohm resistances along each edge. Find 


the effective resistance between all possible sets of terminals. 


a) Find the current I in the circuit shown below. 


—> 


I £ 
V cost 
o 


c £ 


b) What is the current I if there is a mutual inductance Y% 


which couples the two inductances? 


A crossover network for a hi-fi system is shown below 


RŽ a] Tweeter 


The effective resistance of each speaker is R. 


a) Show that if R? = £ , the input impedance (the impedance 
seen by the generator) is purely resistive and equal to 


R. 


b) Show that the crossover frequency is given by we = 26 A 
The crossover frequency Do is defined as the frequency 
for which each speaker receives one-half of the total 


power. 


22-2 


Show that for the circuit shown below the potential difference 
(voltage) from a to b has a magnitude that is independent of w. 
Draw a sketch of the phase of this potential difference as a 


function of œ. 


E coswot 
oO 


What would be the effect on the magnitude of the voltage across 
a - b and on its phase if the source had an internal resistance of 


R/10? 


A simple parallel circuit is shown in the diagram below. 


a) Draw a rough graph showing the amplitude of the current 
as a function of frequency for selected valucsof L, C, 


and R. 


E : 

b) If R > g Compare the resonance frequency and the width 
of the resonance curve for this circuit to the same 
features of a circuit containing the same elements in 


series, but in which R << z - Specifically consider the 


parallel circuit with R = xe and the series circuit with 


Eo cost R L C 
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22-6. The circuit shown is a bridge used for measuring inductances. The 
generator has an alternating emf at the frequency w. When the bridge 
is balanced the current through the detector Ro is zero. Find & 


in terms of R and C. 


E cost 
o 


22-7. The circuit shown is a Wein bridge, frequently used in RC oscillators. 


Loge 


C, 


E cost 
o 
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It is said to be balanced when no current flows through the detector. 
Show that balance requires that both of the following equations be 


simultaneously satisfied. 


0-0-6 


2 2 1 
1 
o = — > 
p 8136103 
22-8. A voltage source V(t) = va cos ®t is applied to the circuit shown 


in the figure 


V_ cos ot 
o 


a) Show that if R, L, and C are selected such that RC = L/R 


the current I is independent of frequency. 


b) What is the phase difference between the applied voltage 
and the voltage across the capacitor-resistor pair 


(for RC = L/R)? 


22-9. The circuit is arranged so that the connection to point P3 shown 


in the figure could be made to any of the points Po? P 


W a 


? Pos a hki Je 


teh, 
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a) Find an expression for the average power dissipated 


in R if the connection is made to PY where O<m<n. 
b) If R = 1,000 ohms, L = 10 henries, C = 20 pF, w = 100 rad/sec: 
i) For what value of m is the power a maximum? 


ii) For m= 2 and Vo = 100 volts, what is the 
maximum instantaneous voltage between Po and 


P,? Across R? 


CHAPTER 23 


23-1. Find the approximate resonant frequency of the cavity shown below. 
Assume d << a, d << (b-a). What are the main effects which you have 


neglected? 


ba axis of symmetry 


(b-a) 


If the cavity is cooled uniformly (i.e., so the whole cavity is 
at the same temperature) does thermal contraction lead to an 


increase, a decrease, or no change in the resonant frequency? 


24-1. 


24-2. 


24-3. 


CHAPTER 24 


A transmission line has inductance Ly per unit length and capacitance. 
Co per unit length. If the voltage and current are changing slowly 
(corresponding to transmission of signals with wavelength long 


compared to the line spacing), show that the governing equations are: 


Sic Sa 
Ox o òt 
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Note the assumption regarding slowly varying signals is not 


necessary, but the proof of this is beyond the scope of this chapter. 


The characteristic impedance of a transmission line is z= NL ICS 
where L is the inductance per unit length and CS is the capacitance 


per unit length. 


Show that for a transmission line consisting of two thin strips of 


width b and a distance a apart (a << b) 


A cavity is made by putting conducting plates across the ends of a 


section of a cylindrical coaxial line of length £. 


a) Find the frequency of the lowest mode for which the electric 


field is always radial. 


24-4. 


24-2 


Ek 
b) Give an expression for E. 


c) Compare the resonant frequency to v 7 LA LC where L and 
C are the inductance and capacitance of a length £ of 


the coaxial line. 


A rectangular waveguide made of perfectly conducting material has 


sides of length a and b as shown in the figure below. 


Y 


The ends of a section of length g are covered with plates of 
conducting material; i.e., the waveguide is effectively a resonant 
cavity. If the electric field is given by the real part of: 


ivt > 
e 


3 
E(x,y,z,t) = E &, 2) e y 


what is E (522) for the cavity mode with the lowest resonant 


frequency? What is this lowest resonant frequency of the cavity? 


A coaxial cable is composed of two concentric conducting cylinders. 
One end (x = 0) is connected to a voltage generator which produces 


a voltage 


V(t) = Va cos wt ; 


The other end of the cable (x = g) is covered with a conducting 
plate. The inductance per unit length is Lo and the capacitance 
is C. 

o 
Sic 
2u) 
velocity of light, sketch the voltage between the con- 


a) If the length of the cable is » where c is the 


ductors as a function of the distance x. Specify the 


values of x for which the voltage is maximum. 


b) Write an expression for the forward going and reflected 
traveling waves which make up the voltage across the 


conductors. 


; 1 „Srce 
c) What is the current at x= 0, x= £ 7 Go) and 
5xe 
= = = ? 
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d) If the voltage source is an ideal generator whose shaft 
turns with an angular velocity w, what average torque 
must be applied to the generator? 


24-6. If a transmission line is terminated at x = £ by an impedance Zs 


show that the "sending end" impedance (x = 0) is given by 


tan wN LC £- iZ W/Z 
Z = iZ r 
s o 1+ iZ,/Z, tan oq LC £ 


L : , 
where Z = ie is the characteristic impedance for the line. 


a) Zr = 0 
b) Zr = œ 
= 2 
c) Zr Zo 
V cos wt Z 


24-4 


24-7, A transmission line with a characteristic impedance Zi is connected 


to a transmission line with a characteristic impedance Zy. If the 
system is being driven by a generator connected to the first line 


V 
(Z,) show that the "reflection coefficient," i.e., net tecres: 
incident 
given by 
V etTected _ 25 ~ Zi 
incident 25 t Ai 
while the "transmission coefficient" is given by 
Veransmitted 2 a2, 
incident fi t Z3 
24-8. At JPL's Goldstone Tracking station the electronics cage is separated 


from the feed of the 85' receiver antenna by about 40 feet of wave 
guide. The inside dimensions of the wave guide are 5-3/4" by 11-1/2", 
If a 960 megacycle carrier is used, compare the signal velocity with 


the velocity in free space. 


24-9. The electric fields inside of waveguides which are described in 
Chapter 24 have the property that the component of the electric 
field in the direction of propagation is zero; i.e., the electric field 
is transverse., (Modes of propagation such as these are therefore 
called TE, or transverse electric, modes.) There are also modes 
called TM modes in which there is no magnetic field in the direction 
of propagation, For the rectangular wave guide shown in Fig. 24-3 
and 24-4, the vector potential of the TM modes is given by: 
= i@t - k_z) 
A= é sin ra sin a e 3 


where 


24-5 


Satisfy yourself that the magnetic fields found from this 
are really transverse and show that the E and B fields 
satisfy the wave equation and the proper boundary conditions. 


Hint: We require that 


E=-Ww-B -9x2 
where 
Sones 
aE es 2 òt 
c 


Show that the nm mode is not propagated if 


wo<ce Ne? + es? 


CHAPTER 25 


In the following problems the units are such that c= 1. 


25-1. Write in four-vector form: 


> 
Œ- F- pe) 


25-2. In the Compton effect. a stationary electron is hit by a photon, 
resulting in a change of momentum of each of them. Find the energy 
of the emitted photon in terms of its incident energy and the angle 


of deviation from its initial path. 
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25-3. A positron can be made by bombarding a stationary electron with 
a photon: 


y+ e—e + ge a 


What is the minimum photon energy? Use four-vectors and invariant 


combinations of them wherever possible. 


25-4. An electron-positron pair can be produced by a photon (y) through 
the reaction 


y+ e —e + (et +e) 


25-2 


It is impossible. however. for the reaction 
+ - 
Yooe +e 


to occur for a single isolated photon even though the photon 
energy is larger than twice the electron rest mass and charge 


is conserved. Using four-vectors show that this is true. 


25-5. A particle of mass m at rest is struck by another particle of mass M 
and momentum P. After a totally inelastic collision they coalesce to 
form a single new particle. What is its mass and velocity? 


Compare your results with the values that would be calculated non- 


relativistically. 


26-1. 


26-2. 


26-3. 


26-4. 


CHAPTER 26 


In the following problems, the units are such that c = 1. 


Write out and evaluate 


VF 
p BV 


Find the four-vector whose three-vector part is 


What is the physical meaning of both time and space components 


of this four-vector? 


Show that È - r and Œ . B) are invariant under Lorentz 

> > 
transformations. Note that if E and B form an acute angle in one 
frame, they do so in all frames. For what important physical 


phenomenon are both of these invariants equal to zero? 


If E and B are the electric and magnetic fields at a certain point 
in space in a given frame of reference, determine the velocity 

of another frame in which the electric and magnetic fields will be 
parallel. There are many frames which have this property -- if 

we have found one of them then the same property will be had by 
any other frame moving relative to the first with a velocity 
parallel to the common direction of E' and a. Therefore, we have 
a choice, and it is sufficient and convenient to find the frame 


which has a velocity perpendicular to both fields. 


<} 


Ans. Er («= 


26-2 


26-5. In Chapter 26 the fields due to a charged particle moving with 
uniform velocity were obtained by the transformation of the 
potentials of a stationary charge to a moving frame. The fields 


> > 
E and B were obtained from a in the usual way. 


Now, find the fields by starting with the fields from a stationary 


charge and using the transformation laws of the fields. 


26-6. Show that the electric and magnetic fields of a charge moving with 


a 
uniform velocity v can be written 


> 2 
E=- I — Liv 
ane x (l - oe sint@)?/2 


>, > 2 
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where F is the radius vector from the present position of the 


particle to the observer and @ is the angle between F and V. 


26-7. A very long straight wire carries a current I produced by electrons 
moving at speed v. Stationary positive ions in the wire make the 


total charge density vanish. 


a) Find the fields outside the wire in a frame stationary 


with respect to the wire. 


b) Transform the fields to a frame moving with the electrons. 
(In Chapter 13 the electric field observed from this 


moving frame was obtained by another method; Eq. (13.28)). 


26-8. Two electrons with equal velocities V are moving side by side the 


distance a apart. Midway between them is an infinite sheet of 


26-3 


fixed positive charges with a surface charge density o. 


a) How large must g be in order that the electrons maintain 


the separation a? 


b) Compare the charge density needed if the electrons have 
an energy of 500 Mev to that needed if they are moving 


at a very low velocity. 


<4 


26-9. If t is the four vector force acting on a particle, and u is the 


four-vector velocity, show that 


26-10. A particle of charge q moves in the x-y plane at constant speed v, 
along the trajectory shown by the dashed line in the figure. (It 
scatters at the origin). The speed remains constant throughout. 


At t= t, it isatx=a,y=0Q. 


L 
a) The point P is at x= y =a. Find the electric field at P 


at time t, if v/c = 0.5 (c is velocity of light). 


l 
b) If in part a) the particle trajectory before the scattering 


were down the y-axis, how would your answer change? 


27-1. 


27-2, 


27-5. 


CHAPTER 27 


Using the technique used to derive Eq. (27.11), find equivalent 


expressions for 


How many megatons of energy are contained in the magnetic field 

of the earth external to the earth? Assume that the earth's field 
is a dipole with a strength of about 2/3 gauss at the equator. A 

megaton is the energy released by the explosion of l-million tons 

of TNT or 4.2 X vor” joules. In view of your answer, consider 

how much you think a one megaton hydrogen bomb exploded high in 


the atmosphere would disturb the earth's field. 


For a long straight wire of resistance R per unit length, calculate 
-> 
the flux of S at the surface of the wire when the wire carries a 


current I. Compare this with the heating calculated using Ohm's law. 


A long coaxial cable is made of two perfectly conducting concentric 
cylinders. One end of the cable is connected to a battery whose 
terminal voltage is V, and the other end is connected to a resistance R 
so that there is a current I = V/R. Compute, using the Poynting 


vector, the rate of energy flow. 


The average power radiated by a broadcasting station is 10 kilowatts. 


a) What is the magnitude of the Poynting vector at points 
on the surface of the earth 10 km distant? At this 
distance, the waves can be considered plane. It is 
reasonable to assume that the power is radiated by a 1/4 


antenna above a perfectly conducting plane. 


b) Find the maximum electric and magnetic intensities. 


27-2 


27-6. The fields of the lowest TE mode of the rectangular wave guide 


shown in Fig. 24-6 are given by: 


E=eE sin — cos @t - k_z) 
y o a A 
= > k . NX 
B=- e +E — sin — cos @t - kz) 
x o WD a z 
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a) Show that the solution given above satisfies the boundary 


conditions for the problem. 
3 
b) Calculate the Poynting vector S and the energy density U. 


c) Calculate the average rate of energy flow across any plane 


perpendicular to the z-axis. 
d) Calculate the average energy density in the wave guide. 


e) Use the results of c) and d) to calculate the average 
velocity with which the energy is propagated. Show that 
this result is the same as the group velocity (24.27). 


27-7. a) Find the rate of energy flow per unit area from an 
oscillating dipole with a dipole moment P cos wt. 
Hint: Keep only the radiation terms (i.e., those which drop 


off as l/r). 


b) By integrating over the area of a large sphere centered on the 


dipole, show that the average power radiated is 


2 4 
S os 
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27-8. A plane light wave is incident upon a free electron. The electron 


= 
oscillates under the influence of the E field. Calculate the ratio 


27-9. 


27-10. 


27-3 


of the energy radiated per unit time by the electron to the light 

energy incident per unit area per unit time. Assume that the light 
> 

wave is of low frequency and neglect the effect of the B field of 


the wave on the electron. 


A dust particle in the solar system experiences two forces: the 
gravitational force of the sun and the planets, and the radiation force 
of light directed away from the sun. Since the gravity force is 
proportional to the volume of the particle and the radiation force is 
proportional to its cross section area, there will be a particle 

size for which these two forces are balanced. Assuming a spherical 

dust particle which absorbs all the radiation incident upon it, find the 


radius for which the forces balance. 


An explanation for why a comet's tail points away from the sun has 
been based on the above phenomenon, assuming that the tail consists 
of small particles, perhaps even gas molecules. Is it a reasonable 


theory? 


The energy radiated by the sun is 4 X 1026 watts, its mass is 


Ixi ee 


; . : f 2, 
An "air-core" toroid of mean radius R and cross-sectional area nr“ is 


wound with N turns of wire [r < R]. 
A current with the time dependence I(t) = Kt is turned on at t = 0. 


a) Directly from the magnetic field, find the energy stored 


in the magnetic field at time t. 


b) Find the direction and magnitude of the Poynting vector 


at a point just inside the toroid at time t. 


c) Using the Poynting vector, find the rate of change of the 
field energy inside the toroid at time t. Check your answer 


with that of part a). 


CHAPTER 28 


28-1. If the rest mass of the electron is identified with the electro- 
static energy of its charge and if the charge is uniformly distributed 
in the volume of a sphere, calculate the radius. Compare with the 


result given by Eq. (28.2). 


28-2. It is well known that an electron in addition to charge and mass has 
an angular momentum (spin) and a magnetic moment related according 


to 


angular momentum _ m 
q 


magnetic moment 


This is correct to about 0.1 per cent. Suppose the mass is given 


by Eq. (28.4). 


a) Take a uniformly charged spherical shell with charge q 
and radius a and place a magnetic dipole of strength p 
at the center. Show that the angular momentum of the 


electromagnetic field is 


m 

il 

IN 
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b) Find the ratio of angular momentum to magnetic moment 


and compare with the value Q quoted above. 


c) Given that B, for an electron is (fi q/2m), calculate 
the maximum surface velocity of the spinning electron 
to give this magnetic moment. Make any comment you 
feel suitable. The quantity (ane ct/q°) = 1/O has the 
value 137. 


29-1. 


29-2, 


29-3, 


CHAPTER 29 


A charged particle (charge q, rest mass m) is initially at rest 
at the origin. It is acted upon by a constant electric field in 


the x-direction. 


a) Calculate the velocity and position as a function of 


time (relativistically). 


b) If the particle has an initial velocity Vis in the y- 


direction, how is your answer modified? 


In a proton cyclotron the protons travel in circular paths in a 
uniform magnetic field. Find the "cyclotron frequency," the angular 
velocity as a function of q, B, m at low energies. How will the 
frequency change as the energy increases? At what energy has the 


frequency changed by 1 percent? 


At t = 0 a particle with mass m, charge q is located at the origin 
> 
at rest. There is a uniform E field in the y-direction and a 


—> 
uniform B field in the z-direction. 


a) Find the subsequent motion, x(t), y(t), z(t) assuming 
non-relativistic motion. What restriction on E and B 


does this imply? 


b) Can you suggest what the relativistic motion would be like? 


What happens if E/B > c? 


c) If we put a plate in the xz plane at y = O and another 
parallel one at y = d with potential difference Vo =E-d 
and apply a magnetic field parallel to the plates, we 
have what is called a magnetron. If electrons are emitted 
from the negative cathode essentially at rest, how strong 
must the magnetic field be so that the electrons can't 


reach the positive anode? 


29-2 


29-4, The principle of alternating-gradient focusing can be illustrated 


by the following optical analog. 


d £ 


ae——— $$$ S$ $$$ m | 


Even though the lenses have equal focal lengths, the combination 
has a converging action under certain circumstances. 


a) For parallel incoming light, determine £ as a function 
of d. 


b) Under what conditions is the image real or virtual? 


CHAPTER 32 


32-1. Show that in a non-polar material, the square of the index 
of refraction at low frequencies is equal to the dielectric 


constant. 


32-2. At a frequency of about 6 megacycles per second, the ionosphere 
becomes transparent. Estimate the electron density in the 


ionosphere using the free electron model. 


32-3. An electric field applied to a metal is held constant for a long 
time, and then is suddenly turned off. Using the free electron 
model of a metal show that the relaxation time (i.e., the time for 
the drift velocity to drop to 1/e of its initial value) is equal to 


27, twice the mean time between collisions. 


32-4. In a metal there are plane-wave solutions to Maxwell's equations with 


the form 


E =E er @t - kz) 
x o 


where k is a complex number. For low frequencies 


k=a-i) |p 
2e E 


a) Write an expression for the magnetic field associated 


with such a wave. 


_ 
b) What is the angle between E and B? 


32-5. 


32-2 


any 
c) What is the ratio of the peak value of B to the peak 


> 
value of E at any given value of z? 


-> = 
d) What is the phase difference between E and B? 
» 
(If the maximum of E occurs at ti and the maximum 
of B occurs at to» the phase difference is defined 


as + w(t, - t3).) 


Equation (32.50) suggests that the ultraviolet cut-off of a metal 
(i.e., the value of w at which n changes from real to imaginary) 

is quite sharp. Experiments show that this cut-off is not sharply 
defined. Show by means of a better approximation for i that this 


experimental result is really in agreement with the theory. 


33-1. 


CHAPTER 33 


a) Determine the transmission coefficient for a plane 
electromagnetic wave passing through three dielectric 


media as shown below. 


b) Show that if ny =Jn,n, and g = + the transmission ratio 
is unity. (This is the reason for "coating" lenses in 


good cameras and binoculars.) 


c) In binoculars to be used with ordinary white light, what 


is the thickness £ of the coating? 


d) If it is only possible to coat one side of a lens, does 


it matter which side is coated? Why? 


A beam of light with a wavelength 4500 R (in vacuum) is incident 

on a prism as shown in the figure below and totally reflected through 
90°. The index of refraction of the prism is 1.6. Compute the 
distance beyond the long side of the prism at which the electric field 
strength is reduced to l/e of its value just at the surface. Assume 
the light is polarized so the E is perpendicular to the plane of 


os 
incidence. Is your answer changed if E lies in the plane of incidence? 


33-2 


Figure for 33-2. 


CHAPTER 34 


34-1. A charged particle moves in a plane perpendicular to a uniform 
magnetic field É. Show that if B changes slowly in time, the 
magnetic moment produced by the orbital motion remains constant. 


What do we mean by slowly? 


CHAPTER 35 


35-1. In a low-energy cyclotron, protons go once around their circular 
orbit in a time T of about 0.13 microseconds. A proton nuclear 
magnetic resonance experiment with the protons in the same magnetic 
field shows a resonance at 21 megacycles per second. Find the g- 


value of the proton from these data. 


35-2. Derive Eq. (35.9) in the manner suggested in the text. Can you 
reconcile this derivation with the proof in Chapter 34 that there 


can be no paramagnetism based strictly on classical physics? 


35-3. A paramagnetic salt contains 102? ions per cc. with magnetic moment 
of 1 Bohr magneton. It is placed in a field of uniform magnetic 


induction of 10,000 gauss (1 ee ae 


Calculate the percentage of excess parallel spins at both room 


temperature and at liquid helium temperature. 


35-4, Derive an equation for quantum mechanical paramagnetism for particles 


of spin 1, following the derivation in Chapter 35 for spin 1/2. 


36-1. 


CHAPTER 36 


A uniformly magnetized sphere has a total magnetic moment of 

$ 1 OA where a is the radius, and M the magnetization. 
Calculate the equivalent surface currents which can replace this 
sphere as far as external effects are concerned. Show that this 


current distribution has the same total magnetic moment. 


The magnet frame shown below is wrapped by 2,150 turns of wire 
which carries a current of 5 amps. The iron has a uniform width 
(out of the paper) of 28 cm and has a B vs H curve as shown 
below. Make an estimate of how big a magnetic field will be 
obtained in the air gap. What are the main effects you have 
neglected? HINT: Since the B-H curve is empirical and non-linear 
do not be surprised if the problem cannot be solved analytically 


or exactly. 


IH i 14 
Je a | sae ae 
} 
14 
8l 
28 
135 


Units: cm 
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36-2 
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A magnetic flux is produced in an air gap by use of a bar of permanent 
magnet material and pole pieces of soft iron. The characteristics 


of the permanent magnet material are shown below. 


The material is first magnetized to point P by passing a large current 
through an external coil. Assuming the soft iron to have infinite 
permeability and neglecting fringing of the flux, find the flux 


density in the gap after the current has been shut off. 


permanent magnet 
cross-sectional 
area = 100 cm 


36-3 
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A very long cylindrical iron rod is permanently magnetized with 
=> 
a uniform magnetization M which is pointing along the axis of the 


cylinder. Neglecting any end effects, find B and H in the iron. 


If there is a long needle-shaped cavity lined up along the axis, 


—> 
what is B in the center of the cavity? 


38-1. 


38-2, 


38-3. 


CHAPTER 38 


In many applications in space technology it is important to use 


materials which have a maximum strength to weight ratio. 


a) Compare the radii of a solid circular aluminum strut and 
and a steel strut of equal stiffness and of equal length L. 
(The stiffness is defined as the ratio of the applied 


lateral force to the resultant displacement). 


b) How do the masses of these struts compare? 


An aluminum beam of length L with a square cross-section is held 
rigidly on one end as shown. A mass m is attached to the free 


end of the rod. 


Find the natural frequency of vibration of this system. Assume that 
the beam has a square cross-section with sides a, that the mass of the 
rod is much smaller than m, and that the mass m can be considered a 


point mass. 


OO 


In Chap. I-47 the speed of sound in a fluid is found in terms of the 
rate of change of pressure with density. Show that for longitudinal 
waves in a solid (plane, compressional waves) the phase velocity is 


given by 


y2 z GQ -o) Y 


long (1 - 2c) (L +0) 9 


38-2 


(This velocity applies to longitudinal waves in "infinite" medium. 


In this case the motion of each particle is always parallel to the 
direction of the wave; when the material is compressed by the wave 
there can be no sideways motion such as occurs in a rod which gets 
fatter when it is compressed.) How large do you think the dimensions 


of a block should be for this formula to be applicable. 


38-4. A 12" steel ruler 1/2" wide by 1/32" thick is wedged between two 
blocks put on a table 11 1/2" apart as shown in the figure below. 


a) Into what kind of a curve is the rule bent? 


b) Find the force against the blocks. 


38-5. Determine the buckling load for a beam of length L clamped at one end 
and free at the other, as shown below. The beam has a rectangular cross- 


section with a thickness t and a width w. 
P E v 


CHAPTER 40 


40-1. a) Prove to your own satisfaction the statement made in 
Chapter 40 that if a fluid cannot support a shear stress, 


the pressure is the same in any direction. 


b) As a mathematical exercise show the quite useful vector 


identity used in Chapter 40 that 


@. Dv =F00 - + Ex 
where R= (Vx v) 
40-2. The liquid in a cylinder of circular cross-section rotates with a 


constant angular velocity @ about the axis. If the particles a 
distance r from the axis rotate with a speed v = wr, find the shape 


of the surface at the top of the liquid. 


Show that, as was pointed out in Chapter 40, the circulation per unit 
area, i.e., curl V, is twice the angular velocity at which the water 
is rotating. 


' water at a constant 


40-3. A sphere of radius a and mass m moves through “dry' 
velocity v. Show that the total kinetic energy of the ball plus the 


fluid is: 


Nj—= 
oN 
3 
-+ 


where M is the mass of the fluid displaced by the ball. 


What is the total momentum of the ball plus the fluid? 


41-1. 


41-2. 


CHAPTER 41 


If a ball of radius a is dragged with a constant velocity v through 
a viscous liquid slowly enough so that the flow is laminar, the force 


applied is a measure of the viscous force of the liquid on the ball. 


Although you can figure out this force exactly, it is interesting 

to find the form of the force law from dimensional arguments after 
noting on what parameters the force should depend. Do so. Can you 
see by qualitative physical arguments why the parameters enter the way 


they do? 


If a viscous fluid flows in a small pipe, the flow can be considered 
to be laminar, i.e., sheets of fluid in cylindrical tubes are flowing 
past each other. For a pipe of radius a the velocity profile across 


the pipe will look roughly as shown below. 
tn 


o — > along axis 


-A = 
Show that if r is the radial distance from the center of the pipe, 
if n is the viscosity of the fluid and if there is a pressure drop 


(P) - P,)/L per unit length of pipe, the velocity is given by 


P, -P 
1 1 2 2 2 
ren e ea 


In exact analogy to Ohms law, the discharge rate of fluid Q from such 


- P, by 


a pipe can be related to the pressure differential AP = P} 2 


an equation 


41-3, 


41-2 


where R is the "resistance" of the pipe. Find the resistance of a 
pipe of radius a and length L. Do you think this definition is just 
an exercise in words or can you think of reasons why analogies like 


this are useful. What is the analog to a condenser? 


A large, shallow tray is partly filled with water (an "incompressible" 
liquid with viscosity n). A thin flat sheet of wood floats on the water 
with its bottom surface at the height d above the bottom of the tray. 

The other dimensions of the sheet are both much larger than d. The sheet 
is moved horizontally at a slow speed v. What is the rate of energy 


dissipation in a unit volume of the water near the middle of the sheet? 
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